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Visible photoluminescencefrom porous silicon induced by infrared multiphoton excitation 
was observed at room temperature. Luminescence resulted from carrier excitations in the 
surface region of the sample. With the pump in the mid-infrared, excitation was effective 
only when the pump frequency was near resonance with the stretch vibrations of the 
surface species, SiH,. For each visible photon emitted, at least seven or eight infrared 
photons were absorbed. The excitation is believed to occur via pumping up a vibrational 
ladder, followed by conversion to electronic excitation. The process is similar to infrared 
multiphoton excitation of polyatomic molecules. 

T h e  observation that efficient visible pho- 
toluminescence (PL) from porous silicon can 
be induced at room temperature has stimu- 
lated intense research ( I )  in recent years, 
because the effect could lead to the develop- 
ment of silicon-based luminescing devices. 
However, in all previous experiments, PL 
was induced by direct excitations of the car- 
riers. Now we show that PL can be induced 
in porous silicon by infrared multiphoton 
excitation (MPE) via surface electronic 
states as well as via S i H  stretch vibrations at 
the surfaces of the porhus Si. This finding 
provides direct proof that surface electronic 
states or surface vibrational modes can be 
involved in the excitation of the PL. With 
the pump wavelength in the mid-infrared, an 
absorption of seven to eight pump photons is 
needed for emission of one visible lumines- 
cent photon. The excitation is effective only 
when the pump frequency is near resonance 
with the stretch vibrations of SiH,. The 
process is similar to infrared MPE of poly- 
atomic molecules, such as SF6 (Z), Si clusters 
(3), and n-butylsilane (4), which results in 
molecular dissociation and luminescence. 
The latter has lone been a subject of interest - 
in molecular physics and chemistry (5), but 
to our knowledge, the same effect in a solid 
has never been reported. Wang et al. (6, 7 )  
recently observed three-photon excitation of 
PL in porous Si. However, they argued that 
this results from a two-step process, in which 
third-harmonic radiation is first generated in 
the porous samples, followed by one-photon 
absorption of the third-harmonic radiation 
to produce the luminescence. 

The porous Si layers used for this study 
were prepared by anodic etching of (100) 
p-type crystalline (c-Si) wafers followed by 
aging in air as described in (8). They were 
characterized bv Fourier transform infrared 
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(FTIR) spectroscopy, steady-state and time- 
resolved PL, and photothermal deflection 
spectroscopy (PDS). The results showed that 
the Si layers resemble those commonly stud- 
ied by others, with a PL quantum efficiency 
of -5%. The samples are stable and yield 
reproducible luminescence. The FTIR spec- 
tra indicated that the samples have SiH,, 
SiO,, and OSiHx species coexisting on the 
surface (9). The absorption edge measured 
by PDS showed a long tail with significant 
absorption below the bulk indirect absorp- 
tion gap E,(c-Si) = 1.1 eV (Fig. 1) (8). 

For the infrared MPE-PL experiment, 
we used a tunable infrared source com- 
posed of an  optical parametric amplifier 
pumped by an  active-passive mode-locked 
Nd-YAG (yttrium-aluminum-garnet) laser 
(10). The  focused laser intensity on the 
sample could be varied. Typically, the 
measurements were carried out at 1 GW/ 
cm2, but up to 3 GW/cm2 no  degradation 
of the PL or damage to the samples was 
observed. The  PL spectra were collected 
b'y a monochromator and a photomulti- 
plier (sensitive in the range from 250 to 
850 nm) and recorded by a gated electron- 
ic system. The PL could be measured with 
a time delay (after pumping) from 100 ns 
to 100 ys. The  PL spectra were normalized 
by the spectral response of the monochro- 
mator and photomultiplier system. All 
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MPE-PL measurements were performed in 
air and at room temperature. 

Red PL spectra excited by laser pulses 
from 0.532 to 4.9 y m  (Fig. 2) are very 
similar to each other and to the PL spec- 
trum obtained by ultraviolet excitation 
above the direct gap of c-Si (Fig. 1). A 
single luminescence peak appears in the 
600- to 900-nm range ( I  I ). The emission of 
a single photon at 700 nm (1.77 eV) re- 
quires the absorption of at least one, two, 
two, and seven photons at 0.532, 1.06, 1.3, 
and 4.9 y m  (2060 cm-l), respectively, in 
the excitation process. The excitation 
wavelength of 4.9 p m  is in the region of 
resonance absorption of the SiH, stretch 
vibrations, suggesting that the excitation 
here could occur by infrared MPE via the 
vibrational ladder, a process resembling in- 
frared MPE in polyatomic molecules (5). 
For excitation with shorter wavelengths, 
the resonances involved must be electronic. 
There are slight characteristic differences 
between the electronically and vibra- 
tionally excited PL. The latter is blue-shift- 
ed by -100 cm-' (Fig. 2) and has a faster 
decay (Fig. 3). 

For the 1.06- and 1.3-ym excitations, 
the one-photon absorption is weak (Fig. 1). 
However, a direct two-photon step can res- 
onantly excite the sample to the broad "Ur- 
bach tail" region (8). Further excitation of 
the excited carriers to higher electronic 
states by one-photon resonant steps could 
be achieved with sufficiently strong input 
radiation. If the overall excitation is limited 
by the first two-photon step, the excited 
carrier density would be proportional to lln2, 
where I,, is the input beam intensity (5). If 
the total luminescence output S is propor- 
tional to the excited carrier density, we 
would expect S lin2. For pumping at 1.06 
p m  [corresponding to a photon energy of 
1.16 eV, higher than the indirect bulk en- 
ergy gap E,(c-Si) = 1.1 eV of crystalline Si 
at room temperature] and at 1.3 y m  (pho- 
ton energy of 0.95 eV), this behavior is 
observed (Fig. 4). This result is clearly dif- 
ferent from that obtained by Wang et  al. (6,  

Fig. 1. Absorption spectrum of po- 
rous Si showing the vibrational res- 
onances in the 0.1 -to 0.4-eV range - and the electronic absorption edge 
in the 0.8- to 2.3-eV range, and 

5 photoluminescence (PL) spectrum 
resulting from 3.5-eV excitation. 
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over the SiH, and OSiH, vibrational reso- 
nances in the region from 1900 to 2260 " 
cmpl.  The vibrational absorption spectrum 
of the sample (Fig. 5A) exhibits a broad 
band at -2120 cmpl due to surface SiH, 
species and a peak at -2260 cm-l due to 
OSiH, species. The latter resulted from ox- 
idation of our sample, because it was left in 
air for an  extensive period before and dur- 
ing the measurement. For low-excitation " 
intensity (Fig. 5B), the excitation spectrum 
of the MPE-PL follows the spectral feature 
of SiH, fairly closely, but does not repro- 
duce the OSiH, peak. Further studies on 
oxidized and unoxldized sam~les  are 
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planned to confirm the latter observation. 
Here, we focus only on the features con- 
nected with the SiH vibrations. 

Fig. 4. PL intensity versus excitation intensity at 
different infrared excitation wavelengths. 

The close resemblance of the excitation 
soectrum of the MPE-PL to the SiH.. vibra- PL in porous Si. Here, porous Si is concep- 

tualized as many weakly connected quan- 
tum-sized clusters of Si (8). The surface of 
each cluster is terminated by SiH, or 
OSiH,. The absorption spectrum around 
the band edge (Fig. 1)  is affected by the 
quantum-size effect. The long "Urbach tail" 

tional spectrum provides direct evidence 
that MPE involves SiH, vibrational excita- 
tions. With increasing excitation intensitv. 

Fig. 2. PL spectra of porous Si observed by exci- 
tation at various infrared and visible wavelengths. - , , 

however, the broad peak of the excitation 
spectrum begins to split into two (Fig. 5D); 
the weaker intensity peak remains unshifted 
at -2200 cm-', whereas the other shifts 
significantly to lower frequencies. To  qual- 
itatively understand these results, we can 
resort to the generic model of infrared MPE 
of ~olvatomic molecules. 

7). In their somewhat different porous Si 
samples, they observed a luminescence 
band at about 550 to 650 nm, and a lumi- 
nescence output S - 1,: with pumping at 
1.064 pm, which they interpreted as lumi- 
nescence from single-photon excitations by 
third-harmonic radiation generated in the 

in the spectrum arises from transitions be- 
tween band states and surface states. The 
luminescence arising from reverse transi- 
tions peaks at the low-energy end of the 
absor~tion tail. As shown above. lumines- " 

core of the: crystallites. Given our results, 
we conclude that the luminescence ob- 
served by Wang et  al. (6,  7)  may have 

A ,  

For a polyatomic molecule, the excited 
vibronic (or ro-vibronic) states in the low- 
excitation range are discrete, but as the 

cence' can result from direct M P E ' ~ ~  carriers 
into the "Urbach tail" region through use of 
1.06- and 1.3-pm radiation. However, the 
luminescence induced by infrared MPE via 
vibrational resonances strongly suggests 
that surface species are involved in the 
process. Like infrared MPE of polyatomic 
molecules, the overall excitation here con- 
sists of a direct MPE to the vibrational 
quasi-continuum, followed by a series of 

resulted from direct three-photon excita- 
tions. Because second-harmonic generation 

density of states increases rapidly with in- 
creasing energy, they form a quasi-contin- " 

is not allowed in bulk Si, we cannot expect 
to find luminescence resulting from slngle- 
photon excitation by second-harmonic ra- 
diation generated in our samples. 

For the 4.9-pm excitation, the 
dependence of luminescence output on the 
input intensity (Fig. 4 )  is a qualitative in- 
dication that the MPE process is of much 
higher order than for excitation at shorter 
wavelengths. To  confirm that the SiH, 
stretch vibrations are involved in the MPE, 
we scanned the pulsed infrared radiation 

uum. A t  low intensities, a monochromatic 
beam can resonantlv excite the molecule 
to the first excited ro-vibronic states, but 
subsequent resonant excitations to higher 
excited states are less likelv because thev 
are rendered off-resonant by the existence 
of vibrational anharmonicity. A t  suffi- 
ciently high beam intensities, however, 
direct MPE of the molecule to the quasi- 
continuum via resonant or near-resonant 

Wavelength (pm) 
5.2 5.0 4.8 4.6 4.4 

I " "  I 

steps up the vibrational ladder can become 
significant. Once the molecule reaches 
the quasi-continuum, it can be readily 
pumped further up by single-photon reso- 
nant steps (because of the rapid increase of 
the density of states with energy) until it 
reaches a level where it can cross over to 
the electronic excited states or molecular 
dissociation states. In the former case, lu- 
minescence may result because the elec- 
tronic excitation decays radiatively. In 
this model, the overall MPE that results in 
luminescence or molecular dissociation is 
llmited by the first MPE step to the quasi- 
continuum. If this step is an  m-photon 
process, then the luminescent output or 
dissociation probability is expected to be 
proportional to  I,,". 

We  can use the same model to qualita- 
tively explain the observed infrared MPE- 

Excitation frequency (cm-I) 

Fig. 5. (A) Vibrational absorption spectrum of po- 
rous Si sample under study. (B to D) Excitation 
spectra of the MPE-PL in the SiH, stretch vibra- 
tional range for pump intensities of (B) 0.4, (C) 0.8, 
and (D) 2.8 GW/cm2. 

Time delay (ps) 

Fig. 3. Decay of the PL output from porous Si 
excited at different wavelengths. 

SCIENCE VOL. 270 3 NOVEMBER 1995 



one-photon resonant steps to sufficiently 
high levels at which electron-vibration cou- 
pling allows effective conversion of vibra- 
tional excitation to electronic excitation. 
The radiative decay of the electronic exci- 
tation then results in the observed lumines- 
cence. Our preliminary results indicate that 
MPE is effective only when it occurs via the 
vibrational ladder of SiH, but not via the 
OSiH, stretch ladder. 

There are substantial differences be- 
tween the problem encountered with po- 
rous Si and the commonly studied MPE of 
polyatomic molecules. Each Si cluster con- 
sists of a large number (> lo6)  of Si atoms 
that form a core and a large number (-  lo4)  
of H atoms passivating its surface (8). The 
valence electrons in the nanocrystal are 
delocalized. The SiH, stretch peaks in the 
vibrational spectrum are certainly inhomo- 
geneously broadened, and their vibrational 
lifetimes could be much longer than the 8- " 

to 25-ps pump pulsewidth used in our ex- 
periment. The higher excited states of the 
SiH vibrations should have shorter life- 
times. However, only when their lifetimes 
become shorter than the pump pulsewidth 
can they be considered to be effectively 
coupled with other vibrational modes of the 
svstem to form a auasi-continuum with a 
density of states that increases rapidly with 
energy. The ,observed Ii ,5 dependence of 
the luminescence output from our porous Si 
sample at long excitation wavelengths sug- 
gests that the effective quasi-continuum 
starts at -1.25 eV, because it takes a direct 
five-photon absorption of -4.9-pm (0.25 
eV) radiation to reach the quasi-continu- 
um. A n  overall seven- to eight-photon ab- 
sorption is needed to induce a single lumi- 
nescent photon at 600 to 700 nm. 

For the observed excitation spectra in 
Fig. 5 ,  we offer the following explanation. 
The excitation spectrum, F (o ) ,  of a five- 
photon excitation process up a vibrational 
ladder can be described by 

where o is the angular frequency, Gi , , + , (o )  
is the homogeneous lineshape of the vibra- 
tional transition from u = i to u = i + 1, {y} 
is a set of parameters describing the local 
environment, and P({y}) is the distribution 
function of {y}. We expect the linewidth of 
G ( o )  to increase appreciably with the 

, + , + I  
increase of i and pump intensity because of 
power broadening. If the vibrational anhar- 
monicity is large, with only weak overlap 
between G, , , + ' ( o )  and G, +, , , + , (o ) ,  
then the peak of F ( o )  is dominated by 
Go, l ( o ) .  This is the case for MPE at low 
pump intensities (Fig. 5 ) .  If with higher 
pump intensities, the overlap between 

G, ,  , + 1 ( 0 )  and G,  + ,  , , + , ( o )  due to 
power broadening becomes significant, 
then the peak of F ( o )  should experience a 
red shift. This is the case of MPE via the 
vibrational modes at about 2110 cmpl 
(Fig. 5 ) .  In the latter case, an alternative 
explanation is that the homogeneous line- 
width is always larger than the anhar- 
monic shift. but this is not likelv consid- 
ering that ;he known anharmokicity of 
SiH-stretch vibration for H / S i ( l l l )  is 
-70 cmp' (1 2). 

We  expect MPE-PL to be a generic pro- 
cess that could occur in many semiconduc- 
tor clusters. Efficiency of MPE-PL via 
pumping up a vibrational ladder depends on 
the character of the vibrational mode and 
its coupling with the carrier excitation. 
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Carbon Dioxide Uptake by an Undisturbed 
Tropical Rain Forest in Southwest 

Amazonia, 1992 to 1993 
John Grace,* Jon Lloyd, John Mclntyre, Antonio C. Miranda, 
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Jon Massheder, Yadvinder Malhi, Ivan Wright, John Gash 

Measurements of carbon dioxide flux over undisturbed tropical rain forest in Brazil for 55 
days in the wet and dry seasons of 1992 to 1993 show that this ecosystem is a net 
absorber of carbon dioxide. Photosynthetic gains of carbon dioxide exceeded respiratory 
losses irrespective of the season. These gains cannot be attributed to measurement error, 
nor to loss of carbon dioxide by drainage of cold air at night. A process-based model, fitted 
to the data, enabled estimation of the carbon absorbed by the ecosystem over the year 
as 8.5 2 2.0 moles per square meter per year. 

M o s t  of the world's t ro~ica l  forest is ma- 
ture and undisturbed, and little is known 
about its carbon balance. Ecologists consid- 
er that in an unvarying environment, un- 
disturbed ecosystems are in a steady state 
such that photosynthetic gains are balanced 
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bv res~iratorv losses due to death and de- , . 
composition.' However, the terrestrial bio- 
sphere may be undergoing fertilization as a 
result of increasing concentrations of CO, 
coupled with higher deposition rates of 
nitrogen (1 .  2).  If this is the case. undis- - , ,  

turbed tropical forest may be a laige sink 
of CO, because of its huge area ( 3 ) ,  10 X 
10'' m2. Now we reDort direct measure- 
ments of CO, flux over tropical rain forest 
in the Brazilian Amazon, to  test the hv- 
pothesis that virgin forest sequesters car- 
bon from the atmosphere. 

We  measured fluxes of CO,, water va- 
por, and sensible heat over undisturbed for- 
est (4) at Reserva Jaru, Rondonia, Brazil 
(10°04.84'S, 61°56.60'W), during the dry 
and wet seasons (September 1992 and April 
to June 1993, respectively). A n  eddy co- 
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